Advances in microscopy and molecular strategies have allowed researchers to gain insight into the intricate organization of the mammalian brain and the roles that neurons play in processing information. Despite vast progress, therapeutic strategies for neurological disorders remain limited, owing to a lack of biomaterials for sensing and modulating neuronal signalling in vivo. Therefore, there is a pressing need for developing material-based tools that can form seamless biointerfaces and interrogate the brain with unprecedented resolution. In this Review, we discuss important considerations in material design and implementation, highlight recent breakthroughs in neural sensing and modulation, and propose future directions in neurotechnology research. Our goal is to create an atlas for nano-enabled neural interfaces and to demonstrate how emerging nanotechnologies can interrogate neural systems spanning multiple biological length scales.
U
nderstanding the working principles of the nervous system has been a major goal of modern biomedical research. The brain is a high-dimensional functional network that accommodates around 100 billion neurons (in humans) which form local and long-range connections that drive processing of information in specialized brain centres and establish communication across systems, respectively. The complexity of the mammalian brain arises from three important phenomena. First, the high dimensionality of the vertebrate brain creates a 'big data problem' for neuroscience research. Second, neuronal subcellular structures span various length scales, such as tens of nanometres for synapses to centimetres for axonal projections, making it difficult to probe these components simultaneously with current technologies. Finally, approximately another 100 billion non-neuronal cells, called glia, reside in the brain and regulate neural activity through mechanisms that are still poorly understood.
Importance of nanoscale for neuronal interfaces
Historically, breakthroughs in neuroscience research have been tied to technological advances. For instance, bioelectric phenomena were first explored in the 1790s by Luigi Galvani, but it was not until the advent of electrophysiological recordings in the midtwentieth century that theories of membrane excitability and ion channels were properly formulated. More recently, the design of new molecular tools for neuromodulation has provided scientists with the ability to control the activity of defined populations of neurons and to establish links between neural pathways and behaviour 1 . Nevertheless, our understanding of brain function remains poor, and our ability to prevent and treat neurological disorders is limited, in part because of the lack of minimally invasive tools capable of probing neuronal systems across the range of spatiotemporal scales. Currently, medical professionals rely on bulky implantable metal electrodes to pinpoint the origin of seizures, alleviate symptoms of Parkinson's disease and stimulate nerve growth following injury. The large size of these electrodes relative to individual cell bodies and nerve fibres leads to the activation of surrounding neurons during stimulation, creating unwanted side-effects 2 . Additionally, mechanical insertion of these bulky microelectrodes combined with micromotions within the skull 3 leads to immune activation and glial scar formation 4 , which encapsulates the electrode, causes displacement from neurons of interest, decreases the overall device performance and even remodels the structure and function of the neural network surrounding the electrode.
Motivated by increasing demand, academic, federal and private sectors have expanded their research efforts in neural technologies. For instance, the BRAIN Initiative 5 in the United States, the Human Brain Project 6 in the European Union and the China Brain Project 7 are all multi-billion dollar projects that aim to develop new technologies, build seamlessly integrated neural interfaces for the interrogation of neural signals in freely moving and socially active subjects (Fig. 1a) , and design personalized electronic medicine. Nanoscale biomaterials can circumvent the limitations of current technologies, representing a potential imperceptible platform (Fig. 1a) for interfacing the nervous system at unprecedented spatiotemporal scales. First and foremost, the use of nanoscale building blocks means that electrodes can be packed together more densely, improving the resolution of current recording and neuromodulatory systems. Furthermore, given that bending stiffness scales with the cube of material thickness 8 , rigid materials become soft, flexible, stretchable and more biocompatible as their feature size reaches the nanoscale (Fig. 1a-c) , reducing the mechanical mismatch between brain tissue and engineered materials. Therefore, although the overall size of implantable devices may remain at the macroscopic scale, nanoscale building blocks that mimic structural and mechanical properties of neural tissue can be seamlessly integrated with brain tissue, without being recognized by the immune system 9 . Indeed, multiple lines of evidence have demonstrated that neural tissue exhibits negligible glial activation and scar formation when implanted with devices fabricated from nanoscale mechanically compliant subunits 10 ( Fig. 1b, right) . Additionally, scaling down to the nanoscale can yield new physical properties and improved device capabilities, partially because the chemical, mechanical, thermal and electrostatic energies all converge at the nanoscale (Fig. 1c ), aiding signal transduction across different energy terms 11 . For instance, atomically thin nanoscale materials that can harvest electromagnetic radiation energy in the Wi-Fi band have been reported, making it possible to actuate neural implants by means of everyday electronics 12 . Also, nanostructures display size-and shapedependent plasmonics and photoluminescence, superparamagnetism, enhanced electronic properties and bioactive topographical features, all of which are suitable for neural interrogation (Fig. 1d ). The energy-matching phenomenon (Fig. 1c ) and the emergence of new properties at the nanoscale (Fig. 1d ) can lead to innovative modes of sensing and stimulation that would not be possible with bulky materials or devices.
Finally, nanoscale materials and devices enable localized neural probing. Neuronal membranes and subcellular compartments (Table 1) represent extremely crowded environments that use nanoscale molecular machinery to execute numerous tasks in parallel (Fig. 1e) . For example, previous research has illustrated how cellular and biomolecular interactions along with the electrical properties of neuronal membranes formulate the classical description of synaptic transmission (Fig. 1e) . However, how the surrounding local microenvironment, including intimately associated astrocytes, the extracellular matrix, and nearby neuronal processes, influences neural communication is a topic of active research that would benefit from tools with improved spatial resolution and cellular/subcellular targeting. Furthermore, neurons receive synaptic inputs across their dendritic trees, where the summation and integration of local excitatory and inhibitory inputs result in deviations from the resting potential; and, while in most neurons action potentials are generated at the axon hillock, their dendrites are also capable of nonlinear transformations of electrical signals. In addition, biological membranes experience limited propagation of mechanical tension 13 and can therefore elicit localized intracellular signalling in cellular subunits. Thus, nanoscale tools that depict a more accurate description of the multimodal signals experienced by cellular subunits would provide a better interpretation of neuronal input-output relationships and of electrical and mechanical heterogeneities (Fig. 1f) . Moreover, if delivered intracellularly, nanoscale devices would be capable of real-time interrogation of signalling complexes and subcellular organelles -including the cytoskeleton, Many more astrocytes and microglial cells are recruited and activated at the bulk implant surfaces. c, Many energy terms converge in amplitude at the nanoscale, suggesting that signal transduction at the neural interfaces can take multiple forms 11, 140 . d, New properties and capabilities emerge at the nanoscale. For example, as the size of metal or semiconductor shrinks, the plasmonic or photoluminescence properties exhibit size-and shape-dependency. Iron oxide switches from paramagnetic to superparamagnetic behaviour when the particle size is smaller than a single magnetic domain. FETs can be gated more easily with nanoscale channel geometries. Nanoscale protrusions or patterns can also yield a neural response that is absent for a planar neural substrate. SC, semiconductor; h + , holes. e, The synaptic junction and many other subcellular domains are highly crowded, dynamic and heterogeneous. Therefore, nanoscale electrophysiology and signal transduction can differ from those recorded in the bulk. f, Electrical recordings show different signal shape and amplitude from different regions of a single neuron. The schematic traces 1-4 are extracellular electrical recordings from points 1-4; traces I-III are intracellular recordings from micropipettes I-III. Adapted from: c, ref. mitochondria and endoplasmic reticulum (Fig. 1e) -allowing scientists to explore their contributions to neural activity and determine protocols for rescuing neural phenotypes during disease.
Natural and cultured neural systems
During development, neurons assemble into functional networks through the concerted action of both molecular 14 and activitydependent 15 mechanisms. The precise organization of excitatory and inhibitory synapses in local brain circuits coordinates the algorithmic functions involved in the execution of complex tasks such as information processing. In the case of the vertebrate retina, the way in which neurons organize throughout development gives rise to its characteristic laminar structure (Fig. 2a) , determines the direction of information flow 16 and dictates the termination patterns of retinal axons onto downstream visual nuclei. Photoreceptors, bipolar cells and retinal ganglion cells form the main excitatory pathway in the retina and transmit information vertically 16 ( Fig. 2a) , whereas horizontal cells and amacrine cells provide lateral inhibitory input to retinal neurons, helping to regulate the extent to which membranes become depolarized and thus modulate neuronal output. Because most circuit motifs observed throughout higherorder brain centres can be found in this simple tissue (three cellular layers and two synaptic layers), the retina has become a model system for testing developing neural technologies and for understanding how to restore sensation and proper neural function. For example, optoelectronic retinal prostheses, or devices capable of converting light into electrical currents that can activate the retinal network 17 , are currently being explored as avenues for restoring vision. Although these have been effective as proof-of-concept, scaling down building block components to the nanoscale 18 (blue dots in Fig. 2a ) may further enhance properties at the biointerface and even offer new interrogation capabilities. For example, injectable mesh nanoelectronics have enabled long-term in vivo recordings from individual retinal ganglion cells in awake animals 19 , a capability previously inaccessible with conventional devices. More recently, injectable self-powered near-infrared (NIR) nanoantennae based on up-conversion nanoparticles (UCNPs) that bind to photoreceptors and transform NIR light into short-wavelength emissions have extended the mammalian visual spectrum into the NIR range 20 .
Lastly, besides subretinal and epiretinal implantation, nanoscale electrodes may interface subcellular structures in the inner retina, such as dendritic shafts and individual varicosities, allowing compartmentalized signalling to be studied and shedding light on how information is processed by neuronal subunits.
Brain structures and neural signals (Table 1) are complex, multiscale and highly interconnected, and are regulated by many nonneuronal factors, including glial interactions and the extracellular matrix. For over a century, scientists have relied on cultured systems ( Fig. 2b-d ) to gain access to specific cell types and to simplify experimental studies. While primary cell cultures of hippocampal, cortical, and spinal cord neurons have been instrumental in elucidating mechanisms underlying neuronal development and cell polarization 21 , these cannot recapitulate many key extrinsic factors and signals that are known to coordinate neuronal organization, synaptogenesis and circuit development 22 . Advances in microfabrication and stem cell biology have led to the implementation of new in vitro model systems that can simplify and accelerate the characterization of nanoscale tools for neuroscience (blue dots in Fig. 2b-d ). For example, immature neurons have been cultured in elastomeric polydimethylsiloxane (PDMS) microchips, in which channels and chambers provide spatiotemporal control of the extracellular chemical environment 23 ( Fig. 2b) . A similar approach can be used to study the formation of synapses between neuronal populations and the associations between neurons and glial cells 24 ( Fig. 2b) . Nanoscale devices can be used in conjunction with these microfluidic systems to study axogenesis, myelination and synaptogenesis.
Recently, three-dimensional (3D) co-cultures and brain organoids have emerged as other in vitro alternatives that address some of the limitations experienced with 2D primary cell cultures 25, 26 . For example, neurons assembled into cortical spheroids (Fig. 2c ) display an enhanced level of self-organization reminiscent of a developing neocortex and exhibit molecular expression of both deep and superficial cortical biomarkers 27 . Therefore, neurospheroids derived from human-induced pluripotent stem cells (hiPSCs) can more faithfully recapitulate human brain physiology [26] [27] [28] and have potential as neural models for studying the pathophysiology and progression of neuropsychiatric disorders. Stitching together blocks of tissue containing distinct neuronal populations ( Fig. 2c ) allows the study of attraction and repulsion of self and non-self neurites during synaptogenesis and of how they establish wiring specificity 29 . Nanoscale materials could probe the role played by local bioelectric signals during this process. Similarly, brain organoids grown from differentiated hiPSCs have become attractive models for studying brain development. As originally described by Eiraku et al., brain regions can spontaneously sprout from embryoid bodies, or clusters of embryonic stem cells, simply by modifying the conditions and local microenvironment in which cells are cultured 30 . Further work on brain organoids has realized retina-like 25 and forebrain-like structures 25, 28, 31 with neurons becoming integrated into spontaneously active networks and photosensitive neurons in the optic cup enabling coordinated evoked activity upon light illumination 25 . Nanoscale devices can interface brain organoids as they differentiate and develop into specialized brain regions, allowing scientists to understand how bioelectric signals emerge in the developing brain and how neural networks transition between activity states during development.
Nanoscale tools and building blocks
Current tools for neural interrogation include single-unit pulled glass micropipette electrodes or multi-electrode arrays, such as the Utah-and Michigan-style arrays. However, their mechanical invasiveness and the decaying signal-to-noise ratio has pushed further research to focus on the miniaturization of these technologies and the innovation of platforms capable of seamless integration with brain tissue.
Substrate-bound transistors. Semiconductor nanostructures have emerged as promising materials for next-generation neural interfaces owing to their diverse physical properties, scalable fabrication and good biocompatibility 32 . In particular, nanoscale fieldeffect transistors (nanoFETs) represent a powerful alternative to traditional platforms because their performance does not depend on device impedance and can be experimentally scaled down to the sub-10-nm regime 33 . Of particular relevance to neuroscience applications, carriers in the transistor channel of nanoFETs can be depleted (or modulated) by neural signals much more easily than in bulk, yielding higher voltage sensitivity 34 ( Fig. 1d) . Additionally, the intrinsic delay time of a FET, as described either by equation (1) for conventional complementary metal-oxide semiconductor or by equation (2) for junctionless nanowire FETs
(where C ox the gate oxide capacitance, L is the transistor gate length, μ the electron mobility, N D the doping concentration, T Si the thickness of silicon and V DD the supply voltage) 35 implies that with decreasing L, the device speed increases, potentially allowing nanoFETs to resolve faster neural events. Novel nanoFET configurations have been introduced in the past decade (Fig. 3a) , including those based on kinked nanowires 36 , bent nanowires 37 , Si nanowire backbone/ oxide nanotube branch structures 33, 38 , Si nanotubes 39 , ultra-short channel and etched nanowires 40 , nanomembranes 41 , porous particles 42 or graphene 43, 44 , and those integrated into mesh-like nanoelectronics [45] [46] [47] . Additionally, stretchable, high-mobility transistors have been realized by exploring nano-confinement in semiconducting polymers 48 . Many of these nanoFETs act as point-like detectors capable of recording the dynamics of membrane voltages and extracellular field potentials. Furthermore, design principles have been developed for the future implementation of nanoFETs in either chronic 10, 49 or transient 41, 50 applications.
Substrate-bound electrodes.
A common strategy for reducing electrical impedance and improving charge injection capability is to enhance the surface area by introducing roughness, porosity or other nanostructured 51, 52 topographies to metal electrodes (Fig. 1d ). Over the past decade, engineering approaches have been developed to expand the scope of miniaturized and nanostructured metal electrodes.
First, an important step has been the achievement of intracellular or intracellular-like recordings (Fig. 3b) . For instance, mushroomshaped noble-metal electrodes help in the detection of intracellular signals following engulfment through intrinsic phagocytic pathways 53, 54 . Similarly, vertical metal nanopillars 55 , nanotubes 56 and metal-coated semiconductor nanowires 57 have demonstrated the capacity for intracellular recording and stimulation following electroporation. Gold nanotubes have also been used for localized poration (that is, pore formation in membranes) upon irradiation with near-infrared laser pulses, which allows for multiplexed intracellular recordings in neurons 58 . Following this logic, nanoporous (50-200 nm) thin films of Pt metal have been used in the design of ultrasensitive electrodes for the recording and stimulation of excitable membranes following optoacoustic poration 59 . Second, considerable advances have been achieved in the fabrication of nanostructured electrode arrays over flexible or even macroporous polymer substrates 45, 47, 49 to create mechanically compliant 2D or 3D interfaces (Figs. 1a, 3b) . Besides 3D mesh nanoelectronics, Xie and colleagues embedded Pt and Au electrodes in an ultraflexible polymer shank to create one of the smallest neural probes ever reported, the nanoelectronic thread 60 . Finally, integrated approaches have been developed to incorporate neural electrodes into other device platforms, such as microfluidic systems. For example, metal nanoelectrodes suspended from microfluidic channel walls (nanospears) have been used to study neuromuscular signal transduction 61 in intact small animals.
Free-standing organic nanostructures. Untethered operation of nanostructured platforms is attractive, as it allows these materials to act as free-standing devices and enables wireless interrogation of cellular activity through recording or localized stimulation (Fig.  3c) . Nanostructured biological materials [62] [63] [64] [65] [66] [67] [68] [69] [70] fabricated through rational design have ideal properties for subcellular interrogation, given their natural occurrence in biology, nanoscale feature size and self-assembly. For example, the incorporation of responsive domains and functional moieties into self-assembled DNA nanoconstructs provides a powerful approach for fabricating devices capable of sensing and actuation, as recently exemplified in sensors for ionic species 62, 65 , in lysosome sensors based on fluorescence resonance energy transfer 66 and in drug-delivery vectors 67 . Other forms of nanostructured biological materials, such as peptide-presenting nanostructures 68 , exosomes 69 and bacterial gas vesicles 70 , are now beginning to be exploited as biological probes. In particular, gas vesicles -gas-filled protein-shelled compartments with typical widths of 45-250 nm and lengths of 100-600 nm -can help the cavitation centre to transduce acoustic energy into mechanical force or boost the functional ultrasound imaging resolution. Finally, besides polymer nanostructures 71, 72 , synthetic molecular machines 73 designed as rotors, walkers and cages have been used to transform optical energy into mechanical action causing reversible or irreversible openings in the lipid bilayer 74 .
Free-standing inorganic nanostructures. Optical 75 , acoustic 76 and magnetic stimulation 77 represent non-invasive methods for neural stimulation. However, these strategies alone do not show optimal spatial resolution, lack ways of selective targeting and often require high power densities potentially causing off-target effects. On the other hand, inorganic nanoscale materials are capable of harnessing energy, transducing it into physiologically relevant stimuli and focusing the site of action to localized subcellular compartments (Fig. 3d) . For example, Au nanoparticles 78 and porous Si nanostructures 42, 79 produce a photothermal effect that can be exploited for optocapacitive neuromodulation. Coaxial p-i-n Si nanowires 80 or multi-layered Si membranes 81 yield photoelectrochemical current for wireless activation of neural cultures or brain activity. UCNPs 20, 82 and fluorescent nanodiamonds 83 have been used for NIR vision and neuromodulation, and for visualizing intraneuronal transport, respectively. Other examples of wireless stimulation and sensing include the use of heat-dissipating or force-generating superparamagnetic nanoparticles [84] [85] [86] for ion channel modulation. These magnetic nanoparticles generate local force under a static magnetic field; however, in low-radiofrequency alternating magnetic fields, they can experience heat dissipation through relaxation processes 87 . Finally, quantum dots have potential as optical indicators of membrane voltage through the quantum-confined Stark effect 88 .
Neural interfaces at all length scales
Below, we discuss how emerging nanotechnologies can be used to investigate neural systems across a range of biological length scales.
Plasma membrane. At rest, the membrane potential sits at approximately −70 mV and, depending on the net excitatory drive, becomes depolarized by a few millivolts for subthreshold events or by 70-120 mV during action potential firing. These events are about 120 mV in amplitude at most; however, they generate large electric fields due to charge separation across a very thin geometry (Table 1) . Therefore, electric-field-sensitive nanoscale devices, such as photoluminescent quantum dots, are candidates for local readout of the membrane potential 89, 90 . In the presence of an electric field, quantum dots experience a fast redshift in their emission spectra and a decrease in photoluminescence intensity 88 (Fig. 4a) Coaxial nanowire produces a photoelectrochemical effect to modulate the local extracellular potential and affects voltage-sensitive ion channels. A rapid photothermal effect from plasmonic nanoparticles or Si nanowires causes depolarization of plasma membrane and triggers activities in voltage-sensitive ion channels. The long-lasting photothermal effect and the magnetothermal effect from superparamagnetic nanoparticles can affect temperature-sensitive ion channels. Superparamagnetic nanoparticles can also actuate mechanical-sensitive ion channels. UCNPs have been used for ion channel modulation, possibly through both extra-and intracellular configuration. Other substrate-bound nanostructures can produce a response from curvature-sensing membrane proteins. Ion channels can also be reconstituted in vitro, producing electrical sensing signals in Si nanowire FET. c, Interfacing organelles: quantum dots or nano-diamonds, plasmonic nanoparticles and superparamagnetic nanoparticles have been used for imaging or controlling cytoskeletal transport or polymerization. Intracellular Au may produce reactive oxygen species (ROS) and other cytotoxic effects upon light illumination. DNA constructs can be used for sensing of calcium or pH in the endosomes. Intracellular Si nanowire also allows for cytoskeletal control via the photoacoustic effect or calcium initiation via the photothermal effect. I PL , PL intensity; λ PL , PL wavelength; B, magnetic field; [M n+ ], ion concentration. d, Interfacing neuritis and dendritic spines: quantum-dot-coated nanopipette allowed the recording from the spine. Magnetic control of TrkB signalling can halt the neurite growth. A crossjunction between Si nanowire and filapodium produced localized calcium initiation. Inset, schematic diagram of the electrical equivalent circuit for the passive dendritic spine, adapted from ref. 114 . R den , dendritic resistance; R ele , pipette resistance; R mem , passive membrane resistance of spine head; R mem(d) , dendrite passive membrane resistance; R neck , neck resistance; R pore , pore resistance; R seal , seal resistance; C ele , pipette capacitance; C mem , passive membrane capacitance of spine head; C mem(d) , dendrite passive membrane capacitance; E syn , synaptic reversal potential; E rest , leak reversal potential; E den , dendritic reversal potential; G syn , synaptic conductance. Adapted from: d, ref. 114 , SNL.
dots into neuronal membranes remains a challenge, limiting quantum dot applications for neuroscience. For electrical readout, kinked semiconductor nanowire FETs (Fig. 4a) have been proposed as local detectors of membrane potentials and have been configured onto flexible SU-8 substrates for 3D probing 36 . To promote biomimetic intracellular entry, the surface of these nanowires can be modified with phospholipid coatings 36 and cell-penetrating peptides derived from HIV-1 92 . Additionally, synthetic molecular actuators 74 could provide the means to locally destabilize the membrane for device entry, as they can be designed with sensitivity to visible light, NIR, ultraviolet and radiofrequency 93 . Regarding neuronal modulation, millisecond infrared pulses can trigger action potentials in unmodified membranes through optocapacitive photothermal effects 75 . In short, infrared irradiation results in local heating around the cell membrane, causing an increase in membrane capacitance (C) that generates an inward depolarizing capacitive current (I cap ). This technique explores the derivative of the capacitance that appears when one differentiates with respect to time the charge (Q) flowing to or from the membrane capacitor, as described by
Au nanorods 75 and porous Si nanostructures 42, 79 can also show this phenomenon, as they experience heating upon irradiation with visible and NIR wavelengths and can be surface-modified with high-avidity neuronal ligands and antibodies 78 . Therefore, nanostructured materials (Fig. 4a) offer a more targeted and localized photothermal stimulation, and can shift working wavelengths towards those commonly accessible in research laboratories and clinical settings 78 . Alternatively, researchers have begun to explore the potential use of nanostructured photodiodes 80 (as illustrated by the coaxial blue/green nanowire in Fig. 4a, top right) as free-standing, minimally invasive, and potentially more sensitive optoelectronic stimulators. Recently, Parameswaran et al. demonstrated that p-i-n Si nanowires doped with atomic Au on the surface exhibit photoelectrochemical current generation upon irradiation with visible light 80 and can elicit single and trains of action potentials. The inclusion of Au and potentially other catalysts in these nanostructures enhances the Faradaic photoelectrochemical output 80, 81 and results in wireless activation of neuronal membranes.
Membrane-associated proteins. Currently, 60% of all pharmacological drugs target membrane-associated proteins, mainly G-protein-coupled receptors, ligand-gated ion channels and voltage-gated ion channels 94 . Although the design of pharmaceuticals has been instrumental in improving human health, they can produce many off-target side effects as they access several tissues and organs. Therefore, nanoscale platforms (Fig. 4b) capable of targeting a wider array of molecular targets and modulating protein activity through a broader range of modalities could shape the future of medicine. For example, exosomes 69 , liposomes, polymeric nanoparticles 95 and DNA nanocages 67 can present moieties for specific cell targeting (including the location of disease pathology) and induce endocytosis. Similarly, voltage-gated ion channels can be modulated by local changes in the membrane potential, through either photoelectrochemical process by coaxial nanowires 80 or optocapacitive effect by Au nanoparticles 75, 78 and porous nanostructures 42, 71, 79 . Under constant illumination, Au nanostructures, instead of driving the optocapacitive effect, can induce suppression of spontaneous and potentially evoked correlated activity, through the activation of temperature-sensitive ion channels, such as TREK1 temperaturesensitive potassium channels 96 . Superparamagnetic nanoparticles can also have dual roles, as either local heat generators to target temperature-sensitive ion channels, such as TRPV1, or local force generators to target mechanosensitive channels. The ability to specifically target these ion channels will shed light on the mechanisms underlying touch perception, pain sensation and regulation of internal pressure.
Furthermore, cells cultured on vertically protruding nanostructures have revealed that local membrane curvature resulting from the settling of cell membranes around vertical electrodes promotes the recruitment of membrane curvature-sensing proteins and the engulfment of foreign particles 97 (Fig. 4b) . Lastly, nanoprobes can work in conjunction with optogenetic ion channels, allowing researchers to obtain a better understanding of their biophysical mechanisms and to further expand their potential use in vivo. For instance, bacterial opsins reconstituted in artificial lipid bilayers can be interfaced with Si nanowire FETs; on light illumination, the flow of ions across these channels will change the local pH around the nanoFET and yield a variation in device conductance 98 . Moreover, in combination with UCNPs, optogenetic strategies (Fig. 4b) can be extended for deep brain stimulation, given that UCNPs can convert tissue-penetrating NIR laser pulses into visible light 99 . Subcellular organelles. In addition to biochemical signalling, mechanotransduction and charge-transfer phenomena are widespread throughout biological systems and across length scales. This is exemplified by subcellular organelles, but how these fundamental forces help coordinate subcellular processes and how they influence cell function and survival remain open ended questions in cell biology and require tools capable of visualizing and interrogating their interactions.
Nanostructures with physical features on the same order as organelles display negligible or low cytotoxicity and can enter cells through multiple internalization mechanisms 97, 100 . For example, internalized fluorescent nanodiamond 83 , photoluminescent quantum dots 88 and engulfed Au nanorods 101, 102 become localized in endosomes and aid real-time imaging of axonal transport in cultured neurons 83 ( Fig. 3c) . Nanoscale probes can help us to achieve a deeper understanding of biophysical mechanisms involved in molecular transport with the goal of potentially integrating these into biohybrid systems 103 . Organelles, such as the endoplasmic reticulum and mitochondria, may also be interfaced with photothermal Au nanoparticles 78 and nanostructured Si (ref. 79, 81 ) for modulation of intracellular calcium levels and metabolic control over individual cells (Fig. 3c) . However, it is important to note that the illumination condition during photothermal stimulation should be considered if reactive oxygen species and other cytotoxic effects need to be avoided 104 . Additionally, in cases where a strong, non-damaging photothermal effect is induced, local shockwaves can be generated by the rapid increase in temperature, which have the potential for cytoskeletal manipulation and activation of mechanosensitive proteins inside cells 81 . Finally, DNA nanocages can locally deliver molecular payload inside cells 67 and report on intracellular and lumenal levels of calcium 105 , chloride 62, 65, 66 and pH 66 (Fig. 3c ).
Neurites and dendritic spines. Advances in fluorescence [106] [107] [108] and electron microscopy 109 have made it possible to map the connections of neuronal processes (or neurites) in 3D space, with nanometre resolution, across the entire nervous system of invertebrates 110 and many mammalian brain regions 111, 112 . Nevertheless, how these anatomical substrates correlate to physiological function remains elusive in neuroscience, partly owing to the lack of tools able to interrogate local membrane dynamics.
Dendritic spines are membranous protrusions in dendrites, consisting of a spine head enriched in postsynaptic receptors and a narrow neck that compartmentalizes the spine from the rest of the dendrite 113 . Despite their extremely small size (Table 1) , they play important roles in neuronal processes such as synaptic plasticity and have been recently targeted with quantum-dot-coated nanopipettes 114 ( Fig. 4d) , revealing the dependency of somatodendritic excitatory postsynaptic potentials on spine neck resistance. Therefore, as techniques for targeting dendrites and spines with nanoFETs and nanowire modulators 79 ( Fig. 4d) become more readily available, we expect that nanotechnology will open exciting opportunities to understand the electrical signals generated in dendritic structures and how they spread across neurons.
Axons also play important roles in bioelectric signalling, as action potentials generated at the axon hillock are conducted towards the axon terminal where they trigger neurotransmitter release. Nanoscale interfaces have aided in studies of axonal signal propagation using nanoFET arrays 115 ; however, nanostructures can also be used for studying axogenesis. For example, superparamagnetic nanoparticles functionalized with TrkB antibodies (Fig. 4d) have proven to be beneficial as they can initiate neurotrophic signalling and become engulfed into signalling endosomes 116 . Once located inside endosomes, these functionalized magnetic nanoparticles can help to visualize endosomes as they travel throughout neurons, and provide a means of manipulating endosome position and the neurite growth dynamics through the application of magnetic fields 116 .
Intercellular junctions.
Neural communication is a fast and dynamic process coordinated by molecularly defined synaptic junctions, where the activity of a presynaptic neuron influences the activity of its postsynaptic neuron(s). During development, growth cones sense molecular guidance cues in the extracellular environment that Exosomes, liposomes, polymer nanoparticles and magnetic nanoparticles have been suggested for enhanced delivery through BBB. Future opportunities include localized electroporation through mesh nanoelectronics, given in vitro electroporation studies for enhanced BBB passage. It is also promising to include nanomaterial or nanodevices with organ-on-a-chip model where the interactions among BBB, blood and neural systems can be evaluated together. c, Interfacing 3D neural cultures. Macroporous nanoelectronics mesh can record from the inside of engineered tissues. Conducting nanofibre-coated recording electrodes have low impedance. Au nanomesh used for electrical recording of engineered cardiac tissues and Si nanomesh used for photoelectrochemical modulation of the heart could potentially be used for electrical interfaces with 3D neural cultures. V ele , electrical potential recorded at the nanoelectronics surface; V tissue , electrical potential from the tissue. d, Interfacing the brain. Biodegradable Si nanomembrane can measure intracranial pressure (P brain ). Si photodiode nanomembranes produce photoelectrochemical modulation of the cortex and yield a field potential change (∆V brain ). Semi-transparent graphene electrodes allow flexible electrical recording, and parallel imaging and optical stimulation. A microbial gas vesicle produces MRI signals (I MRI ) that can be modulated with ultrasound and allow multiplexed MRI imaging. Superparamagnetic nanoparticles and UCNPs yield deep-brain wireless neuromodulation, producing various effects such as the upregulation of c-fos, a proto-oncogene that is expressed within some neurons following depolarization.
direct their growth towards appropriate sublaminae where synaptic partners meet and form synapses. However, studies have recently demonstrated that nanowire topography 117 also carries relevant information that helps guide neurite growth and coordinate synapse formation (Fig. 5a) , suggesting that the nanoscale architecture of the extracellular environment works together with chemical cues to direct neurites to their proper destination. Further studies focusing on how nanoscale topography can be used to replicate neuronal organization seen in vivo will lead to advances in 3D neuron cultures and brain organoid research (Fig. 2c,d) . Moreover, techniques for interrogating and manipulating synapses are highly desirable in neuroscience research, as these can help to test functional connections between neurons and determine the contribution of specific synapses to neuronal output. Free-standing nanoscale devices, such as intracellular Si nanowires 81 and extracellular Au particles 78, 96 , are inorganic alternatives for intercellular neuromodulation (Fig. 5a ) that can interface neurons and synapses inaccessible through genetic strategies.
In addition to synaptic junctions, neurons form intercellular junctions with multiple glial types (Fig. 5a) , including astrocytes, oligodendrocytes in the central nervous system (CNS), and Schwann cells in the peripheral nervous system (PNS). Astrocytes form intimate associations with the synaptic structure (Fig. 1e ) regulating neural activity through local ion buffering 118 and neurotransmitter uptake 119 . Therefore, by interfacing with astrocytic networks, nanoscale devices can potentially manipulate neural communication locally and over extended brain areas. On the other hand, myelin-forming glia -oligodendrocytes in the CNS and Schwann cells in the PNS -wrap around and insulate axons. These myelinated segments are interrupted by uninsulated hotspots highly concentrated in voltage-gated Na + channels called nodes of Ranvier (Fig. 2a) , where action potentials are regenerated as they travel down the axon 120 . Myelination allows for faster conduction of electrical signals, minimizes energy consumption, and maintains the integrity and overall health of the axon 121 . Understanding the precise mechanisms by which axons become myelinated is crucial to establishing strategies for promoting remyelination following injury, after onset of demyelinating diseases (such as multiple sclerosis), and for building new 'myelinated' bioelectronics. Earlier work using electrospun nanofibre and micropillar arrays (Fig. 5a ) demonstrated that axon diameter plays an important role in oligodendrocyte targeting and the initiation of myelin wrapping 122, 123 . Moreover, activity-dependent signalling between neurons and oligodendrocytes has been shown to contribute to the myelination process 124 , opening the possibility for bioelectronic devices as therapeutic agents for remyelination.
Blood-brain barrier.
A challenge in treating neurological disorders is the delivery of pharmaceutical drugs from the circulatory system into the brain. Endothelial cells lining blood vessels passing through the brain, along with astrocytes and pericytes, form the blood-brain barrier (BBB), a collection of tight junctions that restrict the movement of large molecules from blood into neural tissue (Fig. 5b) . Advanced drug delivery systems, such as polymer 95 and magnetic 125 nanoparticles, can enhance transport across the BBB through receptor-mediated endocytosis. Exosomes, or extracellular vesicles secreted by cells 69, 126 , can also be prepared to carry therapeutic agents, and studies have shown that these drug-loaded vesicles can cross the BBB through similar endocytic pathways. Other approaches have focused on strategies capable of reversibly permeabilizing the BBB without causing any permanent cell damage. For instance, local heat generation with magnetothermal nanoparticles 125 and electroporation 127 can transiently increase BBB permeability and allow drugs to diffuse into the brain. Bioelectronic devices (Fig. 5b) , such as mesh nanoelectronic scaffolds 46 and optoelectronic devices 81 , can be potentially used to deliver pulses of electrical current at the BBB interface for enhanced drug transport. Although animal studies are the ultimate goal when conducting tests on BBB permeability, in vivo experiments often result in greater experimental complexity and species-specific effects. On the other hand, in vitro systems allow researchers to test the nanoenabled BBB permeabilization and neural control more rapidly, using, for example, organ-on-chip platforms 128 (Fig. 5b) . These configurations aim to create physiologically relevant microenvironments and eliminate species-specific variables. They also enable faster testing of drugs, drug delivery vehicles and devices capable of permeabilizing the BBB.
3D neural cultures.
The extracellular matrix (ECM) is composed of a wide variety of proteins and other bioactive molecules that regulate neuronal differentiation and growth. Recently, synthetic ECM or ECM-like devices (Fig. 5c ) have been explored for regulating and interrogating 3D neuronal growth and function 68, 129 . For example, peptide amphiphile nanofibres functionalized with bioactive components 68, 129 , such as brain-derived neurotrophic factor, laminin and heparan sulfate epitopes, have been used to present growth factors to neurons. Interestingly, the effects of these factors on neuronal maturation and neurite growth were evident only when presented in peptide amphiphile nanofibre configurations 68, 129 , suggesting that nanoscale architecture and topography work synergistically with the chemical nature of these molecules to initiate downstream signalling. For interrogating neural activity, folded macroporous nanoelectronic mesh devices (Fig. 5c ) have generated interpenetrating recording networks with neurites, and have recorded the local field potentials and drug responses from engineered 3D neural cultures 130 . Additionally, ECM-like nanoprobes 51, 131 developed for engineered cardiac tissues (Fig. 5c) can be extended to neuronal preparations, since electrical properties across electrogenic cells follow similar fundamental principles. Recent examples include the ultra-light and movable nanogold-polyurethane mesh electronics 51, 52 used to monitor the electrical signals in cardiomyocytes 51 , and the coaxial p-i-n Si nanowire network over the self-aligned SU-8 mesh for cardiac modulation 131 .
Neural systems and entire brain regions. As previously described, neurons exist within high-dimensional networks that extend over entire brain regions and perform specific tasks. Despite having individualized roles, neurons in specialized brain regions work in unity to generate, process and relay information. Therefore, the seamless interrogation of large ensembles of neurons is vital for understanding the information represented in neural systems, correlating signals to specific behaviours and monitoring how neural activity changes during disease progression. Additionally, the ability to modulate neural activity at the systems level can have multiple clinical implications, including terminating the spread of seizures, alleviating motor symptoms in Parkinson's disease patients and potentially slowing neurodegeneration in Alzheimer's disease. Advances in micro-and nanofabrication have led to the design and realization of new high-density transistor platforms for neural biointerfaces with the capability of resolving individual cells. For example, mesh nanoelectronics 130 ( Fig. 5d) can be used for both modulation and recording of neural activity and their enhanced flexibility enables their packaging into small injection vehicles for subcortical brain delivery 10, 46 . Following release, mesh nanoelectronics devices can form intimate contacts with neuronal populations 9, 46 and enable recordings in freely behaving animals 132, 9 with single-cell resolution (Fig. 1b) .
For certain applications, transient interfaces are favourable, as they eliminate the need for surgical removal when no longer needed. In particular, bioresorbable Si nanomembranes (Fig. 5d) have been designed as effective probes for temperature, pressure and electrical activity 41 , enabling monitoring of post-surgery health and recovery.
Other configurations include Au-decorated p-i-n Si nanomembranes (Fig. 5d) as in vivo optoelectronic devices for neural stimulation 81 . For use in combination with other optical methods, such as fluorescence imaging and optogenetics, graphene nanoelectronics (Fig. 5d) offer a transparent alternative to metals and semiconductors while maintaining suitable signal sensitivity 17, 43 . The 2D structure of Si nanomembranes and graphene microelectrodes limits their use to superficial cortical layers. However, deep brain interrogation can be achieved with superparamagnetic nanoparticles and UCNPs (Fig. 5d) , because these can be wirelessly activated and can be delivered through injectable methods or potentially through the blood by transiently permeabilizing the BBB. Magnetic fields have excellent penetration through the skull and soft tissue, making magnetic nanoparticles extremely useful for deep brain magnetothermal stimulation 133, 134 . Additionally, UCNPs can respond to NIR lasers, which also exhibit good tissue penetration. Upon NIR laser stimulation, UCNPs become excited and emit light in the visible range, which can modulate light-gated opsins 99 and potentially other optoelectronic nanomaterials for deep brain stimulation. Lastly, acoustically modulated gas-filled protein vesicles have been used as high-contrast agents for deep-brain MRI 70, 135 , and rectennas (rectifying antennas) capable of harvesting highfrequency electromagnetic radiation can offer wireless control of implanted nanoprobes using Wi-Fi signals 12 .
Conclusion and outlook
As illustrated throughout this Review, advances in nanotechnology offer the capability of interfacing the brain with unprecedented resolution. The seamless integration of next-generation probes with the nervous system will shed light on many unanswered questions in neuroscience, re-evaluate some principles believed to be understood, and aid in therapeutics aiming to restore proper brain function. On the other hand, future rational design and implementation of nanoscale neural devices should be guided by the physical properties of neural components and their networks (Table 1) . For example, to achieve 'myelinated' mesh nanoelectronic devices for modulating oligodendrocyte behaviour, the diameter/width of the mesh filament should not be less than 0.4 μm (ref. 122 ). Efforts in optimizing these devices are still ongoing, but successes in wireless interfacing 80, 136 and restoring or enhancing perceptual sensation 18, 20 show that we are already at the initial stages of the nano-revolution in neuroscience. The materials and devices described here minimize the mechanical and feature-size mismatch between probes and biological tissue. However, challenges remain for delivery and targeting, especially when precision electronic medicine 137 is envisaged. In particular, the skull represents a major obstacle for device implantation, often requiring invasive drilling or surgery. Interestingly, the presence of transcortical vessels that penetrate through the skull, connecting the bone marrow to the surface of the brain, has been recently reported 138 . These vessels could be exploited as avenues to enable deep brain interfaces for recording and modulation, although new engineering strategies will be necessary to target the desired brain regions with minimal harm. Furthermore, neural devices will require surface functionalization with cell-or subcellular-specific molecules that can enable tight junctions with molecularly defined populations. This will require close collaboration with molecular biologists researching transcriptomic and proteomic neural libraries and cell-type specific markers.
Nanoscale building blocks continue to be scaled down towards the order of organelles and protein complexes, blurring the distinction between neural interfaces and synthetic biology. At subcellular and molecular scales, bioelectronics could potentially enable realtime control of biological circuits involved in gene expression, regulatory networks and metabolism, among others 139 . Such biohybrid systems can be designed and engineered so that biological systems develop a symbiotic relationship with materials or implants, allowing them both to act as integral device components. This concept can be extended to neural systems for harnessing bio-energy and sustaining active neural interfaces. We envisage platforms in which the glial cells function together with the implanted materials as one hybrid system. In particular, gap-junction coupled astrocytes form networks that span large areas of the brain 118, 119 and are known to regulate synaptic transmission locally. Therefore, modulation of the astrocytic network through nanoscale tools would allow the simultaneous modulation of local circuits and large brain areas with minimal abiological components. Furthermore, such electrode-glia systems could transform the generic excitatory stimulus coming from the inorganic electrode into a specific signal that recruits an intrinsic neuronal pathway.
